Organs harvested while still growing are exposed to a variety of stresses, including wounding, dehydration, and separation from nutrient supply. Asparagus (Asparagus officinalis L.) spears at harvest are rapidly developing shoots, with the tip region of the spear being highly meristematic and possessing intense metabolic activity. Within 48 h after harvest the respiration rate of the tip declines, soluble sugar levels decrease, protein is lost, and free amino acids, particularly Asn, accumulate (King et al., 1990; Li11 et al., 1990; Irving and Hurst, 1993) . Major changes in gene expression in cells of the tip occur within 6 h of harvest (King and Davies, 1992) , including the induction of transcripts for AS within 2 h (Davies and King, 1993) . We are interested in defining the factors that regulate these biochemical and genetic changes, with the aim of elucidating the postharvest deterioration process.
We previously isolated cDNA clones that encode transcripts with altered expression in tips of asparagus spears after harvest (King and Davies, 1992) . Some of the mRNAs up-regulated after harvest also increase in abundance during the senescence of attached foliar tissues (King et al., 1995) . Thus, similar regulatory stimuli may be acting to * Corresponding author; e-mail daviesk@crop.cri.nz; fax 64-6-3675656.
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control gene expression both postharvest and during normal development.
Remobilization of carbon and nitrogen resources occurs during the deterioration of spears after harvest and the senescence of foliar tissues. Two of the harvest-induced mRNAs encode proteins involved in this process; pTIP27, which encodes AS (Davies and King, 1993) , and pTIP31, which encodes a protein with high homology to P-gal (King and Davies, 1995) . In tips of spears postharvest and in senescing foliar tissues the increase in AS gene expression parallels a decline in SUC content (Davies and King, 1993; King et al., 1995) . Sugar starvation has also been shown to lead to Asn accumulation in sycamore cell cultures (Genix et al., 1994) and to an increase in Asn levels and AS activity in excised maize root tips (Brouquisse et al., 1992) . Moreover, whereas the expression of AS genes in Pisum sativum and Arabidopsis thaliana is repressed by light, acting via the phytochrome photoreceptor Coruzzi, 1990, 1991; Lam et al., 1994) , it h a s recently been shown that the light/dark regulation of the single Arabidopsis AS gene can be overridden by supplying the plant with exogenous carbon (Lam et al., 1994) . In conditions of low carbon availability the Arabidopsis AS is activated, perhaps representing a strategy to conserve nitrogen in a transportable, carbon-efficient manner. Thus, metabolite regulation may have a controlling influence on the expression of AS and perhaps other harvest-related genes in asparagus.
The tip region of the spear is the first tissue to show signs of deterioration following harvest (King et al., 1990 (King et al., , 1993 Li11 et al., 1990) . Our previous studies of harvest-regulated gene expression (King and Davies, 1992; Davies and King, 1993) have involved the harvest and storage of commercial-length (180 mm) spears, followed by analysis of the 30-mm tip region. Distinct patterns of gene expression are observed in the tip region as opposed to the base region of 180-mm spears, both pre-and postharvest (King and Davies, 1992) . Moreover, the base of the harvested spear may act as a source of metabolites for the tissues of the tip (Saltveit and Kasmire, 1985) . Thus, it is important to determine whether signals originating in the spear base influence the expression of genes in the tip region.
In this study, we have examined whether changes in the level of sugars, which may be supplied from the plant crown during normal development or the spear base postharvest, can control the expression of AS, P-gal, and other Plant Physiol. Vol. 11 1 , 1996 harvest-regulated genes in the tips of harvested asparagus spears. In addition, we have identified two cDNAs that have expression that is down-regulated postharvest, as encoding histone proteins. Using a cell-culture system, we show that changes in the sugar supply to cells has a major effect on gene expression. These results indicate that sugar status is one of the main factors regulating the induction and repression of gene expression in spear tips both preand postharvest.
MATERIALS AND METHODS
Asparagus spears (Asparagus officinalis L. cv Limbras 10) were obtained from field plantings at the Levin Research Centre (Levin, New Zealand) . Asparagus callus cultures were initiated from the spear segments of in vitro-grown plantlets of cv Mary Washington 500W.
Spear Storage Conditions
Harvested asparagus spears were trimmed to a length of either 180 mm (commercial-length spears) or 30 mm (short spears) and stored at 20°C in darkness in perforated plastic bags. Short spears were placed on paper towels saturated with distilled water. At each sampling time, three apical 30-mm tips were excised from the commercial-length spears and, along with the short spear tips, used for respiration, sugar, or RNA analysis. Samples to be used for sugar or RNA northern analysis were frozen in liquid N, at the sampling time and stored at -80°C until analyzed.
Respiration and Sugar Analysis
Respiration rates were measured on three replicates of three spear tips, as described previously (Irving and Hurst, 1993) . At time O (at harvest), samples were placed in jars within 10 min of harvest. Samples for sugar analysis were obtained from three replicates of three spear tips. Zerotime samples were immediately frozen in liquid N, in the field. All samples were stored at -80°C until analysis. Sugars were extracted from powdered, freeze-dried samples according to the method of Haslemore and Roughan (1976) , and Glc, Fru, and SUC were determined as described previously (Irving and Hurst, 1993) . The entire experiment was replicated three times, and SES for the replicates are presented.
Cell Cultures and Conditions
BM comprised B5 macio salts and vitamins (Gamborg et al., 1968) , Murashige-Skoog micro salts (Murashige and Skoog, 1962) , 2.26 p~ 2,4-D, 0.27 p~ a-naphthaleneacetic acid, and 1.37 mM L-Gln. The pH of all media was adjusted to 5.7 with 0.1 N NaOH or 0.1 N HCI. Solid medium was autoclaved for 15 min at 121°C and 103 kPa, although L-Gln was filter sterilized (0.2 pm) separately. All liquid media were filter sterilized.
Culture vessels comprised either 175-mL clear, disposable plastic tubs with snap-on lids, each with 50 mL of solid medium (stock cultures), or 500-mL glass Erlenmeyer flasks capped with cotton wool bungs and containing 200 mL of liquid medium. Liquid cultures were agitated on an orbital shaker. All cultures were maintained at 25°C with an irradiance of 32 pmol m? s-' for 16 h daily, provided by cool-white fluorescent tubes (Osram, Munich, Germany ).
Stock cultures of asparagus callus proliferated on BM supplemented with 58 mM SUC and 7.5 g L-l agar. Liquid cultures were initiated from 4-week-old friable stock callus tissue and suspended in modified BM supplemented with either 58 mM SUC, Fru, or Glc. After 72 h, cells were washed with BM and resuspended in BM for 48 h. Cell samples were taken at O, 12, 24, and 48 h. The remaining cells were transferred to modified BM supplemented with the same sugar as used 2 d previously, for 48 h, and samples were collected at 12, 24, or 48 h. Three control treatments remained in modified BM supplemented with each of the three sugars throughout the duration of the experiment (7 d). Cell samples collected were immediately frozen in liquid N, and stored at -80°C until analyzed. The experiment was repeated three times. All three sample sets were analyzed for sugar content, and two were analyzed by northern RNA analysis. Similar trends were found with each set of samples.
RNA Hybridization Analysis and Nucleotide Sequence Determination
The methods for RNA extraction were as described by King and Davies (1992) , with one exception: RNA was isolated from 200-mg samples of cell cultures using a modified version of the single-step method of Chomczynski and Sacchi (1987) , as described in the TRIzol product literature (Life Technologies).
Northern RNA analyses were carried out as described by King and Davies (1992) , although in some instances hybridization was carried out using the hybridization solution described by Church and Gilbert (1984) . Membranes were probed with c~-~~P-labeled cDNA clones, whose corresponding transcripts were known to accumulate (AS, P-gal, and pTIP32) or decline (pTIP20 and pTIP21) after harvest (King and Davies, 1992; Davies and King, 1993) . Equivalent RNA loadings were obtained by measuring RNA concentrations with a UV spectrophotometer, ethidium bromide staining, and hybridization with a cDNA clone encoding a 25/26S rRNA from A. officinalis (pTIP6, K. Davies, unpublished data).
Nucleotide sequence determination for pTIP20, pTIP21, and pTIP32 was carried out by the method of Sanger et al. (1977) using either a Sequenase kit (United States Biochemical) or a commercial service (Dr. E. Almira, Interdisciplinary Center for Biotechnology Research, University of Florida, Gainesville). The sequence was verified by sequencing both strands of the cDNA, and no ambiguities remained. Sequence data analysis was carried out using the DNASTAR package of programs (DNASTAR, Madison, WI). The pTIP20 and pTIP21 cDNA clones encode transcripts whose abundance decreases rapidly following harvest of asparagus spears (King and Davies, 1992) . To assist in identification of the encoded gene products, the nucleotide sequence of both cDNAs was determined (sequence information for pTIP20, pTIP21, and pTIP32 is available on the EMBL / GenBank/DDBJ databases). pTIP20 encodes a cDNA of 464 bp, with a single, long open reading frame of 408 bp, beginning with the first Met at 43 bp. The deduced peptide of 136 amino acids has high similarity to a range of histone 3 sequences (data not shown), in particular having 100% identity with the amino acid sequences of wheat (Tabata et al., 1984) , rice (Peng and Wu, 1986) , and maize (Chaubet et al., 1987) . pTIP21 encodes a cDNA of 492 bp. The transcript lacks a start Met but encodes a single, long open reading frame from bp 1 to 461. The deduced amino acid sequence has high similarity to a range of histone 2B.1 and histone 2B.2 sequences (data not shown), including 93% identity with wheat histone 2B.1 (Yang et al., 1991) . The pTIP21 cDNA is probably near full length, with the deduced amino acid sequence lacking only the first Met in comparison to the complete wheat sequence.
pTIP9 encodes a transcript whose expression is upregulated rapidly following harvest of asparagus spears (King and Davies, 1992) . The entire nucleotide sequence of a sibling of pTIP9, pTIP32, encoding a copy of the same transcript as pTIP9 was determined. pTIP32 encodes a cDNA of 1030 bp, with a single, long open reading frame of 777 bp, beginning with the first Met at 55 bp. The deduced peptide of 259 amino acids has strong similarity throughout its length to three sequences on the nucleotide and protein sequence databases. One sequence is for an unidentified expressed sequence tag of Arabidopsis (accession no. ATTS0236). The other sequences are for a gene encoding a stem-related protein of tobacco (TSTJl; Seurinck et al., 1990 ) and a cDNA encoding an aluminum-induced protein of wheat (wali7; Richards et al., 1994) . The functions of the proteins encoded by the TSTJl gene and wali7 transcript are also unknown. Previous studies have shown that severa1 aspects of nitrogen metabolism are similar in 30-mm tips stored either as part of 180-mm spears or as short, 30-mm lengths (King et al., 1990 ). Here we extend this information to changes in respiration, soluble sugars, and gene expression. Both the pattern and the rate of respiration were similar whether tips were stored as 30-mm lengths (short spears) or were removed from 180-mm spears (commercial-length spears) just prior to measurement (Fig. la) . The initial and final steady-state respiration rates (38 and 10 pmol CO, 8-l fresh weight h-l, respectively) were very close to those rates reported previously (Irving and Hurst, 1993). There was some variation in the levels of Glc and Fru between the different tips (Fig. 1, c and d ), but the patterns of change were similar. However, the tips stored as short spears tended to lose Glc and Fru a little faster during the first 6 h at 20°C than when stored as short spears. The levels and patterns of change in Sue were almost identical in each tip type during the 24-h period (Fig. Ib) .
Northern blot RNA analysis was carried out with three cDNA clones encoding transcripts up-regulated following harvest (/3-gal, pTIP32, and AS) and two cDNA clones encoding transcripts down-regulated (histone 3 and histone 2B). The patterns of change were again very similar between tips of short and commercial-length spears (Fig.  2) . However, changes in abundance of some transcripts occurred slightly quicker in tips stored as short spears (AS, histone 2B, and pTIP32).
Effect of Changes in Sugar Supply on Gene Expression in

Cell Cultures
The effect of sugar supply on the abundance of the harvest-related transcripts was studied using an in vitro asparagus callus cell-culture system. The sugar content of cells was examined 0, 12, 24, and 48 h after transfer to sugar-free medium from sugar-containing medium (Fig. 3) . Although the only carbon source available to the cells from the media was either Sue, Glc, or Fru, cell samples from all treatments contained all three sugars (Fig. 3) . Sue was the most abundant sugar in the cells, regardless of the type supplied in the medium. After Sue, Glc was the most abundant sugar in Glc-fed cells, and Fru was the most abundant sugar in Fru-fed cells. In Sue-fed cells, Glc and Fru were found in equal amounts. The sugar levels in the cells decreased within 12 h of being placed in sugar-free medium. In general, this decline continued for the 48-h period of incubation in sugar-free medium. After 48 h the cells were returned to sugar-containing medium for a further 48 h. Once returned to sugar-containing medium, the sugar content of the cells increased to well above that at the start of the experiment. RNA was extracted 0, 12, 24, and 48 h after being transferred to sugar-free or sugar-containing medium and analyzed by northern blot RNA analysis using the harvestregulated cDNA clones (Fig. 4A) . Only very low levels of transcript for AS were detected in cell cultures at 0 h. However, transcript levels had increased greatly within 12 h of placing the cells in a sugar-free medium. Similar changes in transcript abundance were found for the other two harvest-induced cDNA clones, )3-gal and pTIP32, with transcript levels being low at 0 h and increasing during incubation in sugar-free medium. Both histone 3 and histone 2B transcripts were abundant in cells at 0 h. Following transfer to sugar-free medium, their transcript abundance declined, reaching low levels by 48 h. A small amount of variation was observed in the expression of histone 3, and to a lesser extent histone 2B, in the cultured cells (e.g. in Northern blot RNA analysis of transcripts corresponding to histone 2B, histone 3, AS, j3-gal, and pTIP32 in total RNA samples extracted from asparagus cell cultures grown in sugar-free or sugar-containing medium. A, Samples from cultures 0, 12, 24, and 48 h after being placed in sugar-free medium. As a control, a sample was kept in sugar-containing medium for the same 48-h period (con 48). The experiment was carried out with either Sue, Clc, or Fru as the sugar supplied. B, Samples from cultures 0, 12, 24, and 48 h after being placed in Sue-free medium and 12, 24, and 48 h after being returned to Sue-containing medium ( + 12, +24, and +48). For comparison, a sample was left in sugar-containing medium and sampled at 48 and 96 h (con 48 and con 96). RNA samples from tips of asparagus spears 0 and 12 h after harvest are included for comparison. Figure 4A , con 48 on Sue and Fru compared to con 48 on Glc). The major trends in the pattern of transcript abundance were, however, consistent across all three replicates and among the Sue, Glc, and Fru samples ( Fig. 4A and data not shown). These changes in response to sugar supply are unlikely to be due to an osmotic effect, because supplementing the sugar-free medium with mannitol to the same water potential had no effect on the observed patterns of gene expression (data not shown).
The changes in gene expression upon returning the cells to Sue-containing medium were also examined. RNA was extracted 0, 12, 24, and 48 h after transfer of the cells to Sue-free medium, and 12, 24, and 48 h after return to Sue-containing medium, and analyzed by northern blot RNA analysis (Fig. 4B) . The expression of AS, j3-gal, and pTIP32 changed quickly in response to altering the Sue content of the medium. Within 12 h of being returned to Sue-containing medium, transcript levels returned to those found at 0 h. Changes in transcript abundance for histone 3 and histone 2B were slower. A marked increase in transcript abundance for these genes occurred within 24 h of being returned to Sue-containing medium.
DISCUSSION
We previously isolated a group of cDNA clones encoding harvest-related transcripts from asparagus spear tips (King and Davies, 1992, 1995; Davies and King, 1993) . The cDNA clones correspond to transcripts whose abundance is rapidly up-or down-regulated following harvest of the spear. Three of the up-regulated transcripts, encoding AS, /3-gal, and an unknown product, are also induced during foliar senescence (King et al., 1995) . We report here further characterization of the cDNA clones and the results of a study of the physiological factors that may regulate the expression of the corresponding genes.
The nucleotide sequence was obtained for three previously unidentified cDNA clones. The deduced peptide sequence of pTIP32 was homologous to a number of sequences in the GenBank/EMBL databases, but these were for proteins of an unknown function. The peptides encoded by pTIP20 and pTIP21 had very high amino acid identity with histone 3 and histone 2B, respectively. Histones are highly conserved proteins that form a major component of eukaryotic chromatin. As such they are required in large quantities at the time of cell division, and in many eukaryotic systems are synthesized primarily during the S phase of the cell cycle (Mikami and Iwabuchi, 1993) . In asparagus, we have shown that transcripts for pTIP20 and pTIP21 are present predominately in the tip of the spear at harvest (King and Davies, 1992) , the region containing much meristematic tissue. Transcript levels decline rapidly following harvest (King and Davies, 1992) , although whether this reflects a cessation of cell division is not known.
The postharvest changes in soluble sugars, respiration, and expression of the harvest-related transcripts were, in general, similar in tips stored as short spears or as part of commercial-length spears (Figs. 1 and 2) . Thus, it is unlikely that metabolites originating from the base of the spear have a major influence on the changes in transcript abundance. Some changes in gene expression occurred quicker in the short spears, indicating some influence of the lower section of the spear on gene expression in the tips after harvest. This could be due to either absence of a factor that would normally be translocated to the tips from the www.plantphysiol.org on October 15, 2017 -Published by Downloaded from Copyright © 1996 American Society of Plant Biologists. All rights reserved. Plant Physiol. Vol. 11 1, 1996 spear base or accumulation of a factor in the tips that would normally be translocated basipetally. These results suggest that some factor related to separation of the spear from the plant crown is responsible for regulating the changes in gene expression detected.
A rapid loss of Suc occurs in spear tips after harvest (Irving and Hurst, 1993; Fig. 1 ) and in asparagus ferns during senescence (King et al., 1995) . We used a model system, cell cultures, to study the effect on gene expression of specifically altering the soluble sugar supply. Cell cultures have provided useful models for studying the regulation of gene expression by carbon status (Krapp et al., 1993; Chen et al., 1994; Graham et al., 1994; Jang and Sheen, 1994) . Growing the cells in a liquid culture allows the sugar supply to the cells to be controlled by simple manipulation of the medium. A11 of the genes studied showed altered expression in response to changes in the sugar content of the medium (Fig. 4) . In particular, the presence of sugar in the medium strongly repressed the accumulation of the transcripts for AS, P-gal, and pTIP32 but promoted the accumulation of histone 3 and histone 2B transcripts. This down-regulation of AS gene expression by sugar is similar to that described for the AS gene of Arabidopsis (Lam et al., 1994) . However, the sugar regulation of the expression of p-gal is a nove1 finding. In the only other system for which gene expression has been investigated, senescing Dianthus flowers, P-gal is ethylene regulated (Raghothama et al., 1991; Jiang et al., 1994) .
Although much is known about the spatial and temporal transcription patterns of particular plant histone genes (Mikami and Iwabuchi, 1993; Minami et al., 1993; Ohtsubo et al., 1993; Terada et al., 1993) , data concerning the physiological factors controlling their expression are limited. In this study we found that transcript abundance for histone 3 and histone 2B in cell cultures decreased in response to a reduced sugar supply. Whether this is a direct response to reduced sugar levels or is a n indirect effect through cessation of cell division has not been determined.
We have demonstrated that AS and other harvest-related genes are sugar regulated in cell cultures. This regulation apparently overrides other factors, such as tissue type, development, or environmental stimuli. We think it is probable that the genes studied in cell cultures are also under sugar regulation in tips of asparagus spears both pre-and postharvest. Metabolite regulation may also be involved in the up-regulation of AS, p-gal, and pTIP32 during foliar senescence in asparagus, when a concomitant decline in SUC occurs (King et al., 1995) . Up-regulation of AS and a p-gal homolog also occurs in broccoli florets after harvest (Downs and Almira, 1995; Downs et al., 1995) , once again concomitantly with a rapid decline in soluble sugars (King and Morris, 1994) . Thus, the regulatory patterns reported here for asparagus may be widespread in other plant systems.
